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INTRODUCTION
Neuromuscular performance, a combination of attributes such as motor skills and muscular strength, is an essential part of children´s daily life (Shumway-Cook & Woollacott, 1995) . However, neuromuscular performance, and particularly motor proficiency, has declined over the past decades in children (Hardy, King, Espinel, Cosgrove, & Bauman, 2010; Olesen, Kristensen, Ried-Larsen, Grøntved, & Froberg, 2014; Runhaar et al., 2010) . Overweight and physical inactivity have become one of the most important public health problems among children and adolescents in developed countries (Haug et al., 2010; Lee et al., 2012; Ng et al., 2014) . This could be one of the explanations for the decreased neuromuscular performance among children (Rodriques, Stodden, & Lopes, 2015) .
Increased body mass index (BMI) and waist circumference have been associated with impaired neuromuscular performance in children and adolescents (Artero et al., 2010; Cattuzzo et al., 2014; Malina et al., 1995; Rauner, Mess, & Woll, 2013; Smith et al., 2014) , whereas the results of some studies suggest that higher levels of habitual physical activity are associated with better neuromuscular performance among children (Fisher et al., 2005; Iivonen et al., 2013; Lubans, Morgan, Cliff, Barnett, & Okely, 2010; Williams et al., 2008) . Nevertheless, there are few studies on the associations of body fat percentage assessed by dual-energy x-ray absorptiometry (DXA) with neuromuscular performance in children (Rauner et al., 2013) . The results of some previous studies suggest a weak and partly inconsistent relationship of physical activity with neuromuscular performance (Holfelder & Schott, 2014 , Iivonen et al., 2013 Laukkanen, Pesola, Havu, Sääkslahti, & Finni, 2013; Okely, Booth, & Patterson, 2001 ). These inconsistencies may be partly due to different methods, such as accelerometers, electromyography, and questionnaires, used to assess physical activity (Holfelder & Schott, 2014 , Iivonen et al., 2013 Laukkanen, Pesola, Havu, Sääkslahti, & Finni, 2013; Okely, Booth, & Patterson, 2001 ).
Adiposity and physical activity are interrelated (Jiménez-Pavón, Kelly, & Reilly, 2010) and increasing evidence indicates that impaired neuromuscular performance combined with low levels of physical activity is associated with increased risk of overweight and obesity in children (Robinson et al. 2015) .
Overweight or obese children are more often physically inactive and have poorer neuromuscular performance than children with higher levels of physical activity suggesting multidirectional associations between adiposity, physical activity, and neuromuscular performance (Robinson et al. 2015) . However, little is known about the combined associations of adiposity and physical activity with neuromuscular performance among children. The findings by Morrison et al. (2012) suggest that children with a low body fat percentage assessed by skin fold-thickness who also have high levels of physical activity have better neuromuscular performance than children with a high body fat percentage and low levels of physical activity.
We aimed to investigate the independent and combined associations of body fat percentage and different types of physical activity with several components of neuromuscular performance in a population sample of children.
METHODS

Study design and study population
The Physical Activity and Nutrition in Children (PANIC) Study is an ongoing physical activity and diet intervention study in a population sample of children from the city of Kuopio, Finland (Eloranta et al., 2014) . Altogether 736 children 6-8 years of age were invited to participate in the baseline study in [2007] [2008] [2009] . Of the invited children, 512 (70%) agreed to participated. The participants did not differ in sex distribution or BMI-standard deviation score (BMI-SDS) from other children of the same age whose data were obtained from school health examinations (data not shown). Complete data on neuromuscular performance, body fat percentage, and physical activity assessed by questionnaire were available for 404 children (200 boys, 204 girls) and complete data on neuromuscular performance, body fat percentage, and physical activity assessed objectively by combined accelerometer and heart rate monitor were available for 343 children (162 boys, 181 girls). The children included in the analyses did not differ in physical activity, body fat percentage, or neuromuscular performance from those excluded from the analyses. The PANIC Study protocol was approved by the Research Ethics Committee of the Hospital District of Northern Savo. All participating children and their parents provided written informed consent.
Assessment of body size and composition
Body fat mass, body fat percentage, and lean body mass were measured by the Lunar Prodigy Advance® DXA device (GE Medical Systems, Madison, WI, USA) using standardised protocols (Tompuri et al., 2015) . Body weight was measured twice to the nearest 0.1kg after overnight fasting, bladder emptying, and whilst standing in light underwear using the InBody® 720 bioelectrical impedance device (Biospace, Seoul, Korea). The mean of the two values was used for analyses. Body height was measured three times to the nearest 0.1cm using a wall-mounted stadiometer whilst barefoot and with the head positioned in the Frankfurt plane. The mean of the nearest two values was used for analyses. The prevalence of overweight and obesity was defined using cut-offs published by Cole and co-workers (Cole, Bellizzi, Flegal, & Dietz, 2000) .
Assessment of physical activity
Physical activity was assessed using a combined heart rate and movement sensing monitor (Actiheart®, CamNtech Ltd., Papworth, UK) (Brage, Brage, Franks, Ekelund, & Wareham, 2005) which was attached to the children´s chest with two standard ECG electrodes. The children were asked to wear the monitor continuously for seven days (including sleep and water-based activities) without changing their usual behaviour. The heart rate data were individually calibrated with a maximal cycle ergometer exercise test. Free-living heart rate data were pre-processed before final analysis (Stegle, Fallert, & Brage, 2008) . We used a branched equation modelling to integrate the acceleration signal and heart rate into estimates of physical activity energy expenditure (Brage et al., 2007) . We defined time spent in moderate-to-vigorous physical activity (MVPA) using a threshold of ≥ 3 METs intensity.
We included children who had at least 48 hours (32 hours during week-days, 16 hours during weekend days) of valid activity recording into the analyses (Collings et al. 2015) . The median recording time was 67.8 hours (interquartile range, IQR = 35.3) for week-days and 39.3 hours (IQR = 14.0) for weekend days.
We also assessed different types of physical activity using the PANIC Physical Activity Questionnaire (Haapala et al., 2014; Väistö et al., 2014) . The types of physical activity included organised sports, supervised exercise other than sports (e.g. afterschool exercise clubs), unsupervised physical activity, physically active school transportation (such as walking and bicycling), and physical activity during recess. In Finnish schools, 1.5 hours of physical education per week are compulsory for all children in Grades 1-9. We did not include physical education in analyses concerning the different types of physical activity because time spent in physical education was the same for all children. Data regarding the frequency of each type of physical activity and the average duration of each of the sessions was reported. The amount of physical activity was calculated by multiplying the frequency with the average duration of the physical activity session and was expressed in minutes per week.
Neuromuscular performance
Running speed and agility were assessed by the 50-metre shuttle run test (European Council, 1988) .
The children were asked to run five metres from a start line to another line as fast as possible, to turn on the line, run back to the start and to continue until five shuttles were completed. The test score was the running time in seconds, with a longer time indicating a poorer performance.
Sprint running speed was assessed by the 15-metre sprint test. The children were asked to run five times 18 metres as fast as possible at 50-second intervals. After a recovery period of four minutes, the children were again asked to repeat the same test again. Time spent in each run was measured using two photo cells (ALGE-TIMING GmbH, Lustenau, Austria). The first photocell was placed at 2.5 metres from the start allowing the children to speed up before the timer started. The second photocell was placed 0.5 metres before the finish line. The test score was the time of the fastest 15-metre run.
Hand grip strength was assessed by the Martin vigorimeter (Martin, Tuttlingen, Germany). The children were asked to keep the elbow close to the body with the arm flexed at 90° and to squeeze a rubber bulb as hard as possible three times with each hand. The mean of the best result from each hand was used in the analyses. Hand grip strength was expressed in kilopascals.
Lower limb explosive strength was assessed by the standing long jump test (European Council, 1988) .
The children were asked to stand with their feet together, then jump as far as possible and to land on both feet. The test score was the longest jump of three attempts in centimetres.
The sit-up test was used to assess abdominal muscle strength and endurance (European Council, 1988) .
The children were asked to lie down with knees flexed at 90°, feet positioned on the ground and arms behind the neck. The children were told to do as many sit-ups as possible in 30 seconds with the elbows coming up to touch the knees with the assistant holding their feet on the floor. The test score was the number of technically correct sit-ups completed in 30 seconds.
Static balance was assessed by the modified flamingo balance test. The children were asked to stand barefoot on one leg with eyes closed for 30 seconds. The test score was the number of times the free foot touched the floor or eyes opened during the test, a larger number indicating a poorer static balance.
Manual dexterity and upper limb movement speed were assessed by the box and block test (JongbloedPereboom, Nijhuis-van der Sanden, & Steenbergen, 2013) . The tests were performed using a wooden box (53.7cm x 25.4cm x 8cm) divided into two identical compartments by a partition. At the beginning of the test, 150 small wooden cubes (2.5cm/side) were placed in one compartment. The children were asked to pick up the cubes one by one with the dominant hand from one side of the wooden box and to move as many cubes as possible over the partition to the other side of the box in a random order during 60 seconds. The same task was repeated with the non-dominant hand. The test score was the total number of cubes moved to the other side of the box in two minutes, a smaller number of cubes moved indicating a poorer manual dexterity.
Lower back and hamstring muscle flexibility was assessed using the sit-and-reach test (European Council, 1988) . The children were asked to sit down with the heels at the zero line and the heels 25 centimetres apart. The measuring stick was placed to -38 centimetres from the zero line. The children were asked to reach forward slowly, as far as possible keeping the hands parallel and knees extended and to repeat the test three times. The test score was the longest distance in centimetres reached with the fingertips from the starting line of -38 centimetres.
Other assessments
The research physician assessed pubertal status using the 5-stage criteria described by Tanner (Tanner, 1962) . The boys were defined as having entered clinical puberty, if their testicular volume assessed by an orchidometer was >3 ml (Stage ≥2). The girls were defined having entered clinical puberty if their breast development had started (Stage ≥2).
The parents were asked to report in a questionnaire their annual household income, (≤ 30,000 €, 30,001-60,000 € and ≥ 60,001 €) and their highest completed or ongoing educational degrees (vocational school or less, polytechnic, university). The degree of the more educated parent was used in the analyses.
Statistical methods
Statistical analyses were performed using SPSS software, Version 21.0 (IBM, Armonk, NY, USA). We compared basic characteristics between boys and girls using the Student´s t-test, the Mann-Whitney´s U-test, and the Chi Square-test. We examined the associations of body fat percentage and the measures of physical activity with the measures of neuromuscular performance using linear regression analyses adjusted for age and sex. The data on the associations of body fat percentage with neuromuscular performance were also adjusted for physical activity and the data of the relationships of physical activity to neuromuscular performance were adjusted for body fat percentage. Data on the associations of objectively measured MVPA with the measures of neuromuscular performance were additionally adjusted for wear time on week days and weekend days.
The combined associations of body fat percentage and objectively measured MVPA with the measures of neuromuscular performance were analysed by dichotomizing body fat percentage and MVPA at the sex-specific medians and by comparing the measures of neuromuscular performance in the four groups using General Linear Models (GLM) adjusted for age and sex. We used GLM to study whether there was an interaction between body fat percentage and physical activity on neuromuscular performance.
We estimated the effect sizes (R 2 for linear regression and eta squared (η 2 ) for the GLM analyses). We defined small, medium, and large effect sizes for R 2 as 0.02, 0.15, and 0.35 and for η 2 as 0.01, 0.09, and 0.25, respectively, according to Cohen (1992) and Miles & Shevlin (2005) . Given that maturity may have an effect on the associations of adiposity and physical activity with neuromuscular performance, we performed all analyses also without children who had entered clinical puberty.
RESULTS
Characteristics of children
Boys were more physically active, had lower body fat mass, lower body fat percentage, faster 50-metre shuttle run, faster 15-metre sprint test time, higher absolute pressing power in the hand grip strength test, longer jump in the standing long jump test, more errors in the modified flamingo balance test, fewer cubes moved in the box and block test, and shorter distance reached in the sit-and-reach test than girls (Table 1) . percentage and objectively assessed MVPA were dichotomized at sex-specific medians (Figure 1 ).
Independent associations of body
Children who were below the sex-specific median of body fat percentage (<15% for boys, <21% for girls) and at or above the sex-specific median of MVPA (≥99 min/d for boys, ≥72 min/d for girls) had faster 50-metre shuttle run time than children with higher body fat percentage and lower levels of MVPA (Figure 1 ). Children with lower body fat percentage and higher levels of MVPA had faster 15-metre sprint time and longer standing long jump than other children. Moreover, children with higher body fat percentage and higher levels of MVPA were faster in the 15-metre sprint test and had longer standing long jump than children with higher body fat percentage and lower levels of MVPA. There was no statistically significant interaction between body fat percentage and MVPA on 50-metre shuttle run time, 15-metre sprint run time, distance jumped in the standing long jump test, pressing power in the hand grip strength, number of sit-ups, errors in the modified flamingo balance test, or distance reach in the sit-and-reach test (P >0.100 for interactions).
Higher levels of MVPA were associated with higher number of cubes moved in the box and block test among children with higher body fat percentage (mean 100.2 vs. mean 104.3, P=0.033) but not among children with lower body fat percentage (P = 0.015 for interaction).
DISCUSSION
We performed one of the first studies on the combined associations of adiposity and physical activity with neuromuscular performance in children. We found in a population sample of children 6-8 years of age, that children who had higher body fat percentage and lower levels of MVPA had poorer neuromuscular performance in running and jumping tests than leaner and more physically active children. We also observed that children who had a higher body fat content and higher levels of MVPA outperformed children who were more overweight and less active in 15-metre sprint and standing long jump test.
Children aged 6-8 years with a combination of higher body fat percentage and lower levels of physical activity have been found to have poorer overall neuromuscular performance, assessed by the Koordinations Test für Kinder (KTK) and throwing accuracy tests, than other children (Morris et al., 2012) . These results support our observation that children who had higher body fat percentage and lower levels of physical activity had poorer neuromuscular performance than leaner and more physically active children. However, Morris and co-workers (2012) also found that low levels of physical activity were associated with worse neuromuscular performance only in children with a higher body fat percentage. This observation contradicts our finding that body fat percentage did not modify the associations of physical activity with performance in the 50-metre shuttle run, 15-metre sprint, and standing long jump tests. Nevertheless, higher levels of physical activity were related to better manual dexterity only in children with a higher body fat percentage. One explanation of these partly inconsistent findings is that manual dexterity assessed by the box and block test as well as tests included in the overall neuromuscular performance score computed from tests for dynamic balance and coordination skills in the study by Morris et al. (2012) , require greater amounts of cognitive control than running and jumping tests (Roebers & Kauer, 2009 ). Obesity has been linked to a poorer cognitive control (Kamijo et al. 2014 ) whereas higher levels of physical activity have been associated with enhanced cognitive control in children (Hillman et al. 2014) . Moreover, a perceptual-motor deficit has been hypothesised to cause the association between overweight and poor manual dexterity (D'Hondt, , 2009) . Consistent with these results, we found that higher body fat percentage has a weak but statistically significant association with poorer static balance and manual dexterity in children. This observation suggests that increased body fat percentage is related to decreased neuromuscular performance in tests that require moving or bearing body weight but higher body fat percentage may also decrease performance in tasks that are not considered weight-bearing.
We found that higher levels of objectively measured MVPA were related to better neuromuscular performance particularly in tests requiring running and jumping, but the magnitude of the associations were rather small. Similarly, some previous studies have observed a direct association of objectively measured physical activity with running and jumping performance but not with balance skills or abdominal and upper body strength (Iivonen et al., 2013; Laukkanen et al., 2013; Ng et al., 2014) .
Moreover, we found that higher levels of participation in organized sports and unsupervised physical activity has weak associations with faster 50-metre shuttle run and 15-metre sprint times, and that sports participation was directly related to distance jumped in the standing long jump test. Although some evidence suggests that supervised exercise may lead to greater improvements in neuromuscular performance than unsupervised physical activity (Morgan et al., 2013) , our results indicate that higher levels of habitual physical activity may improve 50-metre shuttle run, 15-metre sprint, and standing long jump performance in children. These results emphasise the potential of habitual unsupervised physical activity for improving neuromuscular performance in children.
The strengths of the present study include the population sample of boys and girls, the use of DXA that is the gold standard method for the assessment of adiposity, the opportunity to use both objective and self-reported measures of physical activity, and a number of valid measures of neuromuscular performance. The weaknesses of our study are the cross-sectional design which does not allow us to draw firm conclusions about the time order or causality of the relationships. Our study also lacks data on some important motor skills, such as throwing and kicking. The modified flamingo balance test is a relatively crude measure of static balance, so using more sophisticated and varied measures of balance skills would have provided more detailed understanding of the associations of adiposity and physical activity with these skills. In addition, although our results suggest that body fat percentage was more strongly associated with running and jumping performance than physical activity, these results should be interpreted cautiously because the method used for the assessment of body composition is more precise than that used for the assessment of physical activity.
Our study showed that higher body fat percentage, lower levels of MVPA, and particularly the combination of these two factors were associated with poorer neuromuscular performance in tests that required bearing body weight in children. Higher body fat percentage was also inversely related to worse static balance and manual dexterity in children. These findings emphasise preventing overweight and particularly increasing physical activity to prevent impaired neuromuscular performance among children. Longitudinal studies on the associations of different types of physical activity and adiposity with neuromuscular performance are warranted to further explore the complex relationships between these three factors. (BF%, sex-specific median of 15% for boys and 21% for girls as cut-off) and objectively assessed moderate-to-vigorous physical activity (PA, sex-specific median of 99 min for boys and 72 min for girls as cut-off) adjusted for age and sex. The data are standardized regression coefficients adjusted for age and sex from linear regression analyses. 1 Physical activity assessed objectively by combined movement and heart rate monitoring defined as time spent ≥3 metabolic equivalents (METs), N=343.
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The components of physical activity were assessed using the PANIC Physical Activity Questionnaire. *P<0.05; **P<0.01; †P<0.001
